The retention of the embryo in the transfer catheter after embryo transfer (ET) during in vitro fertilization is a very common phenomenon, encountered by even the most experienced operators, and embryos retained in the transfer catheter or its sleeve require a repeat transfer. The exact mechanism of embryo retention has not been explained. Therefore, the present study aimed to investigate the mechanism of embryo retention in the catheter during embryo transfer by using a transparent uterus model equipped with pressure sensors and a video recorder. The results indicate that pressure changes in the uterine cavity during ET can influence the distribution of the transferred fluid containing the embryo. Under certain conditions, the transferred fluid can flow backward in the catheter, which may lead to retention of the embryo in the catheter.
1
The retention of the embryo in the transfer catheter after embryo transfer (ET) during in vitro fertilization is a very common phenomenon, encountered by even the most experienced operators, and embryos retained in the transfer catheter or its sleeve require a repeat transfer. The exact mechanism of embryo retention has not been explained. Therefore, the present study aimed to investigate the mechanism of embryo retention in the catheter during embryo transfer by using a transparent uterus model equipped with pressure sensors and a video recorder. The results indicate that pressure changes in the uterine cavity during ET can influence the distribution of the transferred fluid containing the embryo. Under certain conditions, the transferred fluid can flow backward in the catheter, which may lead to retention of the embryo in the catheter.
Embryo transfer (ET) has been recognized as a vital step that influences pregnancy rates in patients undergoing in vitro fertilization (IVF). 1, 2 To date, however, other stages of IVF have received more attention than ET, such as nutrition supplementation, 3, 4 ovarian stimulation, 5, 6 embryo incubation conditions, 7, 8 endometrial scratching, 9, 10 and luteal phase support. 11, 12 Undoubtedly, the safe placement of embryos in the uterine cavity is essential to obtaining an optimal pregnancy rate, but there is no guarantee that embryos will remain in the uterine cavity after the procedure. Embryos have been found in catheters, on the cervix, and on the vaginal speculum. 13, 14 Embryo retention (ER) in the catheter is a common phenomenon, encountered by even the most experienced operators. The reported incidence of retained embryos ranges from 1% to 7% in ET with cleavage-stage embryos. [13] [14] [15] [16] [17] [18] [19] Embryos retained in the transfer catheter or its sleeve require a repeat transfer, and, according to some authors, ER in the transfer set can significantly reduce the pregnancy rate. 13, 14 The exact mechanism of ER has not been explained, but it may be assumed that the current design of catheters may favor ER in certain circumstances. On the other hand, the environment in the uterine cavity, especially pressure changes resulting from periodic smooth muscle contractions, may be important in ER.
Taking into consideration the high incidence of ER and its potential influence on treatment outcomes, it is crucial to understand the cause of the problem. Therefore, the current work studies the influence on ER of pressure changes in the uterine cavity.
Results
ET was repeated 10 times for each studied pressure conditions, and the findings were constant independently of the variations in transfer technique.
When the pressure in the uterine model was set to 35 mmHg and there was no pressure gradient between the proximal and distal parts, the transferred fluid accumulated mainly around the tip of the inner catheter at 0.02 s after injection. Subsequently, at 1 s, most of the fluid being transferred remained around the catheter tip, but some of the fluid and air bubbles moved along the inner catheter toward the outer sheath, although they did not reach it (Fig. 1A) . Overall, the transferred fluid reached only one of the three possible sites of ER: the surface of the inner catheter ( Fig. 2A) .
When the pressure was higher in the proximal (70 mmHg) than in the distal (35 mmHg) part of the uterus model and the pressure-gradient force was directed away from the catheter tip, the transferred fluid moved markedly away from the catheter tip, and only a fraction of it remained around the tip of the inner catheter at 0.02 s www.nature.com/scientificreports www.nature.com/scientificreports/ contained in the transferred volume separated from the fluid and gathered around the catheter tip. Overall, the transferred fluid could reach only one of the three possible sites of ER: the surface of the inner catheter ( Fig. 2A) .
Injection of the transferred fluid when the pressure was higher in the distal (75 mmHg) than in the proximal (35 mmHg) part of the uterus model and the pressure-gradient force was directed toward the catheter predisposed the transferred liquid to move back along the catheter in the direction of the proximal part of the model ( Figs 1C and 2C) . Initially, the transferred load gathered around the catheter tip with a marked backward flow along the catheter and reached the outer sheath (Fig. 1C) . Subsequently, at 1 s, the transferred load continued backward along the catheter sheath to reach the surface of the sheath and the space between the inner catheter and the sheath (Figs 1C and 2C) . Overall, the transferred fluid could reach all three sites of ER: the surface of the inner catheter, the space between the inner catheter and the catheter sheath, and surface of the catheter sheath ( Figs 1C and 2C ).
Discussion
The results of the present study indicate that pressure changes in the uterine cavity during ET can influence the distribution of the transferred fluid. In certain conditions, the transferred fluid can flow backward along the catheter, which may lead to retention of the embryo in the catheter.
The uterus is composed mostly of smooth muscles that exhibit spontaneous and rhythmic waves of contraction and relaxation. 20 Therefore, the pressure in the uterine cavity fluctuates. A variation in pressure between distinct parts of the uterus causes a pressure-gradient force, which is always directed from the region of higher pressure to that of lower pressure. The pressure-gradient force is responsible for moving fluid in the uterus (for example, during menstruation). Taking into account that uterine contractions also occur in the early luteal phase, the pressure-gradient force can influence the distribution of the transferred load in the uterine cavity during ET.
The experimental model applied in the present study enabled us to simulate ET in changing pressure conditions. Three circumstances were considered during the study: no pressure-gradient force, a pressure-gradient force directed toward the catheter, and a pressure-gradient force directed away from catheter. According our results, a pressure-gradient force directed toward the catheter constitutes the highest risk for ER, as it predisposes the transferred load to move back along the catheter toward the surface of the catheter sheath and the space between the inner catheter and the sheath ( Figs 1C and 2C ). Based on our observation (unpublished data), the most common sites of ER in the catheter are the space between the inner catheter and the catheter sheath (80%), the surface of the catheter sheath (12%), and the surface of the inner catheter (8%) (Fig. 2) . All three of these ER sites can be reached by the transferred liquid when the pressure-gradient force is directed toward the catheter. On the other hand, when there was no pressure-gradient force or when it was directed away from the catheter, the transferred fluid was able to reach only the least common site of ER: the surface of the inner catheter (Fig. 1A,B) .
The major limitation of the study is that the model may not confirm the exact place where the embryo is retained after ET, as the experimental model evaluates only the fluid distribution. In addition, the shape of the uterine cavity is not entirely flat, and the pressure distribution in the uterine cavity may be more complex than that studied.
Furthermore, in order for an embryo to stick to the inner catheter or the outer sheath of the catheter, blood or mucous is necessary as an adhesive. The cervical tissue secrets mucous, and the outer sheath of the catheter may become encumbered with mucus or blood when it passes through the opening of the cervix. As a result, the inner catheter may become covered or clogged with mucus when it clears the outer sheath of the catheter. The mucus may then interfere with the transfer of the embryo, with the embryo possibly sticking to the mucus and not being transferred to the uterus. Neither blood nor mucous is necessary to trap the embryo in the space between the outer sheath and the inner catheter, however. Furthermore, the backward flow of fluid along the catheter during ET can be a predisposing factor for the subsequent transfer of the embryo to the cervix or the vagina upon withdrawal of the catheter. 13 Taking into consideration the results of the present study, it would be advisable to perform ET when the uterus is relaxed, without contractions that alter the pressure in the uterine cavity. Pregnancy rates after IVF-ET decrease in a stepwise fashion with the increasing frequency of uterine contractions. 21 In ET recipients, in addition to spontaneous contractions, the uterus is exposed to strong contractile stimuli arising from the transcervical passage of the transfer catheter and, in some cases, from using a tenaculum. 5, 6 To achieve maximal relaxation of the uterus during ET, it is advised to perform ET gently, without excessive stimulation of the cervix. Other methods to inhibit excessive uterine contractions include lowering patient stress and using a myorelaxant, acupuncture, or an oxytocin antagonist. 22, 23 Based on the results of present study, it may be assumed that the withdrawal of the catheter's sheath before the injection of the embryo into the uterine cavity may reduce the incidence of ER. Even if that is true, however, one should keep in mind that the catheter sheath is a kind of blockade against the embryo's moving in the direction of the cervix, so removing the sheath may increase the incidence of deposition of the embryo in the cervix.
Due to the relatively high incidence of ER, it should be routine laboratory procedure to flush the catheter with a culture medium after ET to check for the retained embryo. Furthermore, according to recent evidence, transvaginal ultrasound guidance of the ET significantly increases the percentage of pregnancies per transfer. 24, 25 Soft catheters seem to improve outcomes compared with stiff ones, and the inclusion of hyaluronan in the ET medium increases successful implantation. 26, 27 In conclusion, the results of the present study for the first time identify uterine contractions and changing pressure conditions as a possible cause of ER. Therefore, it is reasonable to suggest transferring embryos when the uterus is idle to minimize the risk of ER. In addition, it may be prudent to redesign the ET catheter to one that either eliminates or significantly lessens the risk of ER. , and a camcorder (Sony CX675, Japan). The uterine cavity model was composed of two plexiglass plates covered with a 5-mm layer of gelatin (50 g/250 ml, G1890 Sigma). The thin space between the opposing gelatin layers was filled with glycerin, as the uterine fluid is assumed to have similar properties. 28 The insulin syringe (1 ml) was connected to a catheter and loaded with a combination of air and embryo culture medium (G-IVF, Vitrolife) on the basis of a routine clinical protocol previously described. [29] [30] [31] The transferred liquid was stained with methylene blue for better visualization. The ET catheter and two pressure sensors were positioned inside the model of the uterus as presented in Fig. 3 .
The pressure in the uterus model was adjusted according to experimental requirements by the use of weights (Fig. 3) . The base pressure was set at 35 mmHg and the maximal pressure at 70 mmHg, which corresponds to pressure values recorded in the uterine cavity in the early luteal phase of the cycle. 32 The mock ETs were performed at three distinct pressure settings in the model of the uterine cavity: (a) equal pressure of 35 mmHg in the proximal and distal parts of the uterus model; (b) lower pressure in the distal (35 mmHg) than in the proximal (70 mmHg) part of the uterus model; and (c) higher pressure in the distal (70 mmHg) than in the proximal (35 mmHg) part of the uterus model. The mock transfer procedures were performed by a medical doctor according to his routine clinical practice. The practitioner kept his finger on the plunger until removing the catheter from the uterus model, and the inclination of the model was not altered during the experiments. The propagation of transferred liquid in the uterine cavity model was recorded by the camcorder, and the video recordings were analyzed with video editing software (Pinnacle Studio, Corel Inc., USA). ET was repeated 10 times for each studied pressure condition. The ability of the transferred liquid to reach the ER sites was assessed, and the following ER sites were taken into consideration: the space between the inner catheter and the catheter sheath, the surface of the catheter sheath, and the surface of the inner catheter ( Fig. 2A) .
All procedures were carried out in accordance with relevant guidelines and regulations. 
